from antimicrobial peptides, we reasoned that such peptides could serve as signals for PhoQ activation (Bader et al., 2003) . Previous work demonstrated that the PhoPQ system responds to sublethal concentrations of antimicrobial peptides to promote resistance to peptide-mediated killing. However, as antimicrobial peptides permeabilize membranes, it was unclear whether the mechanism of PhoPQ activation involved an indirect effect of membrane damage or a direct effect of peptide binding to PhoQ.
The studies reported here were initiated to dissect the molecular mechanism governing the response of PhoPQ to antimicrobial peptides and to distinguish it from divalent cation-mediated repression. We found that antimicrobial peptides constitute signals that are directly sensed by the PhoQ sensor kinase, resulting in increased phosphotransfer from PhoQ to PhoP. This study provides evidence that antimicrobial peptides and divalent cations compete for binding to a highly acidic region of PhoQ, suggesting that antimicrobial peptides initiate activation of PhoQ by displacing bound divalent cations. Our results reveal a novel example of a sensor kinase from an animal pathogen that is activated by innate immune effectors.
Results

Antimicrobial Peptides Activate PhoPQ-Regulated Gene Expression at Intermediate Mg
2+ Concentrations Antimicrobial-peptide activation of PhoPQ-regulated gene expression was previously demonstrated in growth medium that was undefined for divalent cations. As medium containing high concentrations of divalent cations represses PhoQ-mediated expression, the activation of PhoQ was compared in medium containing both antimicrobial peptides and Mg 2+ . A strain expressing a PhoQ-regulated protein fusion to Salmonella acid phosphatase (PhoN) was chosen for analysis. The ac- LL-37 can be competed by Mg 2+ binding either to the bacterial cell surface or to PhoQ directly. Fusion-protein activities in the presence of C18G and LL-37 were
The Periplasmic Domain of PhoQ Is Required for the Transcriptional Response to Antimicrobial Peptides comparable to those observed in the same medium containing low concentrations of Mg 2+ (10 M), sugThe effect of antimicrobial peptides could be an indirect consequence of membrane permeabilization or a direct gesting that PhoP was fully induced by these peptides.
Activation did not occur in a PhoQ null mutant but effect on the PhoQ protein. As illustrated in Figure 2A , PhoQ is comprised of a periplasmic sensor domain, was restored when PhoQ was introduced on a plasmid, indicating that the PhoQ sensor kinase is required for two transmembrane domains, and a cytosolic catalytic domain that undergoes autophosphorylation upon actisignaling ( Figure 1B) . The induction levels in the complemented strain were similar to a strain expressing a vation. Figure 3A ). Using fluorescently labeled thiol-reactive probes directed against the two cysteine nearly 10-fold in the presence of 5 g/ml C18G ( Figure  3C ). The concentration of C18G that exhibited the highest level of PhoQ activity is similar to the concentration that gave robust induction in the in vivo experiments 1996; Waldburger and Sauer, 1996). Therefore, a strain containing a deleted phoQ that expresses a mutant ( Figure 1A) . Thus, our in vivo data are in good agreement with the in vitro reconstituted system. To assess PhoQ(⌬51-181) lacking its periplasmic sensor domain was constructed. The resulting strain failed to induce whether PhoQ activity was due to a nonspecific effect of C18G on the conformation or permeability of phosPhoP-dependent gene activation in the presence of C18G ( Figure 2B ) or other antimicrobial peptides (data pholipid vesicles generated in this system, C18G was added to the assay buffer at 1 g/ml but omitted from not shown), indicating that the PhoQ periplasmic domain is required for the response to antimicrobial pepthe vesicle lumen. As shown in Figure 3D , no activation of PhoQ was observed under these conditions. This retides.
We wished to obtain further genetic evidence for a sult strongly argues that the periplasmic domain, which is present on the vesicle inside, is involved in peptide role of the PhoQ sensor domain during growth in the presence of C18G. It has been reported that the persignaling and the observed activation is not due to nonspecific effects of C18G, such as membrane permeabiliplasmic domain of Salmonella typhimurium and other enteric bacterial PhoQ is strikingly different on the priization. To further substantiate this finding, vesicles were preloaded with both C18G (1 g/ml) and 5 mM mary sequence level from the sensing domain of Pseudomonas aeruginosa PhoQ (Lesley and Waldburger, MgCl 2 , which is known to bind to the sensor domain of PhoQ. Figure 3D shows Our data suggest that (1) the periplasmic domain is required for peptide sensing and (2) peptides and divalent membrane-proximal acidic residues of PhoQ. We sought Figure 1A) . Binding of C18G to PhoQ is specific, as the purified sensor domain of the Klebsiella pneumonia histidine kinase CitA, which is similar to PhoQ in size, net charge, and three-dimensional structure (PAS fold), did not affect the fluorescence spectra over a range of peptide concentrations tested ( Figure 5C ). Unlabeled C18G effectively outcompeted dansylated C18G, showing that binding was specific and not due to some nonspecific feature of the dansyl group ( Figure 5C ). Taken together, our results show that antimicrobial peptides compete effectively with metal to interact directly with the sensor domain of PhoQ at a site that overlaps with the metal binding site cleaved by Fe 2+ and therefore involves the PhoQ acidic surface.
NMR spectra of the periplasmic domain of PhoQ in the presence of antimicrobial peptides could provide an additional highly sensitive assay for the similarity of pathicity characteristic of this class of peptides, and it was suitable for NMR analysis. Spectra of PhoQ in the presence and absence of polymyxin nonapeptide are elicit similar conformational effects that stabilize a reshown in Figure 5D . Remarkably, many of the peaks gion of structure that is intrinsically flexible in the abthat appear in the presence of Mg 2+ (green spectrum) sence of a ligand. also appear when peptide is added ( Figure 5D ). The peaks that appear in the spectrum of PhoQ in the abPhoQ Periplasmic-Domain Mutants Defective in the sence of peptide and divalent cation (black spectrum, Response to Antimicrobial Peptides Are in Residues Figure 5D ) are not perturbed by the addition of the pepthat Participate in the Binding of Divalent Cations tide. This indicates that the stable structured core of The acidic surface seems well suited to interact with the PhoQ dimer does not undergo a peptide-induced cationic antimicrobial peptides, which have a net posiconformational change. The spectrum of PhoQ in the prestive charge and a tendency to partition into lipid bience of peptide contains new peaks that are dispersed layers. We predicted that amino acid changes in the throughout the spectrum, indicating that peptide bindacidic surface would impair the ability of PhoQ to reing induces an additional PhoQ stable structure (red spond to antimicrobial peptides. Most single mutations spectrum). Remarkably, the peptide-induced peaks are in the acidic surface that we constructed exhibited only coincident with a subset of the peaks that appear when slight effects on peptide-mediated signaling, probably Mg 2+ is added to PhoQ (compare red to green spectra). due to the remaining negative charge (data not shown). At the highest peptide concentration used, 10-12 However, we were able to identify two amino acid subpeaks of the ca. 20 that appear with divalent cations stitutions, E184K and T156K, which lie within the acidic are still undetectable or very weak in the PhoQ-peptide surface and exhibit a defect in C18G-induced activation spectrum. Addition of 20 mM Mg 2+ to a sample containas measured by the PhoN reporter fusion in vivo (Figure ing PhoQ and peptide restored the remaining peaks 6). The double T156K/E184K mutant exhibited a further and produced a spectrum indistinguishable from that decrease in peptide-mediated signaling, suggesting obtained for PhoQ plus Mg 2+ in the absence of peptide that these amino acid changes act additively. PhoQ (data not shown). The NMR spectra provide strong evi-T156K/E184K was also impaired in its response to LLdence that peptide and divalent cations bind at overlapping sites and that the binding events in solution 37 (2.4-fold versus 8.2-fold activation with 5 g/ml LL-37). Remarkably, both T156 and E184 participate in with purified components into membrane vesicles clearly demonstrated that PhoQ and its native lipid enmetal binding in the PhoQ crystal, and, as a consequence, amino acid substitutions in these residues disvironment are the only components required for sensing antimicrobial peptides (Figure 3 ). In this in vitro sysplay higher activities at 10 mM concentrations of magnesium (unpublished data). However, it is important to tem, the net phosphorylation of PhoP by PhoQ was greatly enhanced by various antimicrobial peptides. point out that amino acid substitutions in these residues do not change the basal levels of activity at interSince the sensor domain of PhoQ faces the vesicle lumen in this system, we were able to show that α-helical mediate magnesium concentrations (Figure 6) . Thus, the activation defect seen with peptide is not due to peptides such as C18G and LL-37 only stimulate catalytic activity of PhoQ when exposed to the periplasmic decreased synthesis of these proteins, which was also confirmed by Western blot analysis (Figure 6, inset) We had previously shown that the PhoPQ activation and fluorescence spectroscopy) provide strong evidence for direct binding of the antimicrobial peptides is a prominent part of the response to sublethal concentrations of antimicrobial peptides, but it remained C18G and polymyxin nonapeptide to the acidic surface of the PhoQ sensor domain (Figure 6 ). Binding to the uncertain whether PhoQ sensed peptides directly or responded to a secondary consequence of peptide expoacidic domain was concentration dependent and displayed saturation at micromolar peptide concentrasure such as membrane damage (Bader et al., 2003) . The work reported herein provides a variety of genetic, tions. The binding constant for peptides of full-length PhoQ may be lower due to the membrane proximity of biochemical, and structural evidence that the periplasmic domain of PhoQ directly binds antimicrobial the acidic surface and the higher local concentration of antimicrobial peptides near the membrane. The molecpeptides to transduce a signal that promotes kinase activity in its cytoplasmic domain. Deletion of the perular mechanism by which the PhoQ sensor domain accommodates a large variety of antimicrobial peptides iplasmic domain abolished PhoQ-mediated signaling, and amino acid changes in this domain were defined is currently unknown. It is nevertheless tempting to speculate that the negatively charged surface of the that lack a response to antimicrobial peptides. Most convincingly, the reconstitution of the PhoPQ system PhoQ sensor domain provides enough plasticity to ac-commodate a large variety of positively charged peptides despite their structural and sequence diversity. Taken together, our results provide a mechanism for antimicrobial-peptide signaling through PhoQ and lead us to conclude that metal and peptides act at similar sites. Therefore, it is plausible that antimicrobial peptides function to displace metal directly from the anionic surface and that their amphipathic structure enables an interaction with the membrane that promotes a conformational change in PhoQ, leading to its activation. In PhoQ's role as an antimicrobial-peptide sensor, PhoQ peptide binding and enzymatic activation occur in a micromolar range even in the range of low millimolar magnesium concentrations. Therefore, antimicrobial peptides can compete effectively with metal to bind to PhoQ, and PhoQ can sense antimicrobial peptides even under most physiologic magnesium concentrations.
A Model for PhoQ Activation
The above data, in conjunction with the PhoQ crystal structure, allow us to propose a mechanism by which PhoQ is activated by antimicrobial peptides and repressed by divalent metals (Figure 7) . Because of its proximity to the membrane, the negatively charged surface of PhoQ is perfectly suited to sense the presence of membrane-active peptides. It has been shown that many antimicrobial peptides interact electrostatically with negatively charged phosphate groups of outermembrane lipid A as a first step before inserting into the membrane (Piers and Hancock, 1994; Sawyer et al., 1988). We speculate that, similar to the interaction with lipid A, which causes the displacement of magnesium bound to lipid A phosphate groups, antimicrobial peptides displace divalent cations from PhoQ as part of their activation mechanism. Binding to PhoQ may promote a conformational change in the PhoQ dimer that is then propagated through the membrane (Figure 7 ). Such a model is supported by our peptide binding tional and structural analysis that demonstrates that structural integrity at the membrane-proximal side of the PhoQ sensor domain is required to promote a fully What Activates PhoQ within Macrophage repressed conformation (unpublished data). Furthermore, Phagosomes? antimicrobial peptides, due to their membrane-active A general principle of bacterial virulence is that micronature, will likely also interact with the inner membrane bes sense their presence in host tissues to coordinately while binding to the PhoQ acidic domain to initiate sigexpress virulence determinants in the correct microennal transduction. Therefore, our current working model vironment (Mekalanos, 1992) . The nature of these miis that peptide binding to the acidic surface displaces croenvironments has long been a topic of debate among at least some metal bridges between PhoQ and the those studying bacterial pathogens. Since studies by membrane. Peptide binding may function as a lever to Pappenheimer in 1936 demonstrated that diphtheria lift the acidic surface off the membrane, with a resultant toxin production was increased in growth medium of change in conformation that leads to signal translow iron, it has been known that bacterial pathogenic factors can be regulated in vitro by specific ionic conduction.
centrations of growth medium (Pappenheimer, 1993 et al., 1995) , raising the possibility that molecules, and bacterial species have evolved mechaanimal pathogens recognize specific mammalian molenisms to respond directly to the presence of these pepcules as signals rather than ionic states of host tissues. tides in a fashion analogous to the recognition of bacteOur results suggest one such signal is antimicrobial rial ligands by Toll-like receptors. peptides.
Experimental Procedures
The activity of PhoQ is required for a very central aspect of Salmonella pathogenesis: their survival and rep- activates PhoQ under these conditions. Although the 
